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Aim: The aim was to determine the role of aging and exercise training on endothelial
mechanosensor proteins and the hyperemic response to shear stress by passive leg
movement.
Methods: We examined the expression of mechanosensor proteins and vascular
function in young (n = 14, 25 ± 3 years) and old (n = 14, 72 ± 5 years) healthy
male subjects with eight weeks of aerobic exercise training. Before and after training,
the hyperaemic response to passive leg movement was determined and a thigh
muscle biopsy was obtained before and after passive leg movement to assess the
acute effect of increased shear stress. Biopsies were analyzed for protein amount
and phosphorylation of mechanosensor proteins; Platelet endothelial cell adhesion
molecule-1 (PECAM-1), Vascular endothelial cadherin, Vascular endothelial growth
factor receptor-2 and endothelial nitric oxide synthase (eNOS).
Results: Before training, the old group presented a lower hyperaemic response to
passive leg movement and a 35% lower (P < 0.05) relative basal phosphorylation level of
PECAM-1 whereas there was no difference for the other mechanosensor proteins. After
training, the eNOS protein amount, the amount of PECAM-1 protein and the passive
leg movement-induced phosphorylation of PECAM-1 were higher in both groups. The
hyperaemic response to passive leg movement was higher after training in the young
group only.
Conclusion: Aged individuals have a lower hyperaemic response to passive leg
movement and a lower relative basal phosphorylation of PECAM-1 than young. The
higher PECAM-1 phosphorylation despite a similar hyperemic level in the aged observed
after training, suggests that training improved shear stress responsiveness of this
mechanotransduction protein.
Keywords: vascular function, passive leg movement, mechanosensors, aging – old age – seniors, shear stress
Abbreviations: eNOS, endothelial nitric oxide synthase; NO, nitric oxide; PECAM-1, platelet endothelial cell adhesion
molecule; ROS, reactive oxygen species; VEGF-R2, vascular endothelial growth factor receptor 2; VE-cadherin, vascular
endothelial cadherin.
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INTRODUCTION
Impaired vascular function is a hallmark of aging (Seals
et al., 2011) and vascular dysfunction is a strong predictor of
cardiovascular disease (Widlansky et al., 2003; Deanﬁeld et al.,
2007; Green et al., 2011). The decline in vascular function
associated with aging has been proposed to be related to a
dysfunctional NO system (Taddei et al., 2006). However, protein
levels of eNOS are not lower in old subjects compared to younger
subjects (Donato et al., 2009; Nyberg et al., 2012b) indicating
that the impairment in the NO system is related to activation
of eNOS and/or subsequent inactivation of NO (Gryglewski
et al., 1986; Guzik et al., 2002; Fleming and Busse, 2003).
Shear stress, the frictional force exerted on the endothelial layer
by the ﬂowing blood, is known to be important for vascular
function and cell culture studies have identiﬁed a mechanosensor
protein complex which activates eNOS during experimental shear
stress stimulation of endothelial cells. In cultured endothelial
cells, shear stress induces phosphorylation of vascular VEGF-
R2, vascular endothelial cadherin (VE-cadherin) and PECAM-
1 (Osawa et al., 2002; Shay-Salit et al., 2002; Tzima et al.,
2005) which in turn causes phosphorylation and activation of
eNOS (Fleming and Busse, 1999; Jin et al., 2003; Fleming et al.,
2005; Tzima et al., 2005). Of these mechanosensor proteins,
PECAM-1 has consistently been shown to be very important
for endothelial cell function (Privratsky and Newman, 2014)
but evidence for how mechanosensor proteins are inﬂuenced
in humans is lacking. In vivo in humans, the vascular response
to increased ﬂow and thereby shear stress can be evaluated by
examining the hyperaemic response to passive leg movement
(Hellsten et al., 2008; Mortensen et al., 2012). Passive leg
movement causes an NO dependent increase in blood ﬂow to
the leg without an inﬂuence of an increase in muscle activity
or metabolism (Hellsten et al., 2008; Mortensen et al., 2012).
Studies on young subjects and older adults have shown that the
hyperaemic response to passive leg movement is dependent on
NO in both young and older subjects but that the hyperaemic
response is reduced with aging (Mortensen et al., 2012; Trinity
et al., 2015).
We have recently found that vascular function, assessed in vivo
by passive leg movement, and alterations in the mechanosensor
complex, can be impaired in young healthy subjects by two
weeks of high sugar intake (Gliemann et al., 2017). Based on
these observations and the substantial evidence for the role of
endothelial mechanosensors from in vitro models (Osawa et al.,
2002; Shay-Salit et al., 2002; Tzima et al., 2005), we hypothesized
that alterations to the mechanosensor complex is a potential
mechanism contributing to the impaired vascular function in
older subjects.
Exercise training is known to be beneﬁcial for vascular
function and indications from cross-sectional studies suggest that
regular exercise training can counteract the age-related decline
in vascular function (DeSouza et al., 2000; Taddei et al., 2000;
Nyberg et al., 2012a). The positive eﬀects of exercise training
on vascular function have been attributed to the NO system
(DeSouza et al., 2000; Taddei et al., 2000; Nyberg et al., 2012a)
but there is a paucity of knowledge on how activation of the
NO system is inﬂuenced by training. Here we evaluated the
inﬂuence of training on the expression and activation of the
mechanosensor complex and of eNOS in young and old men, to
assess whether mechanically induced activation of eNOS can be
improved by training.
The hypotheses of the present study were that (a) the
lower hyperemic response to shear stress in older men is
associated with impairments in the endothelial mechanosensor
complex and eNOS activation and (b) shear stress induced
hyperemia is improved after a period of exercise training and
paralleled by improved ability of the mechanosensor proteins to
sense and respond to shear stress resulting in increased eNOS
phosphorylation.
MATERIALS AND METHODS
Ethics Statement
The study was approved by the Ethics Committee of Copenhagen
and Frederiksberg communities (H-6-2014-085) and was
conducted in accordance with the latest guidelines of the
Declaration of Helsinki. Written informed consent was obtained
from all subjects before enrolment in the study.
Subjects
Fourteen young (20–28 years) and 14 older (66–80 years) healthy
men participated in the study. Before enrolment in the study, all
subjects were screened by electrocardiography and their medical
history and level of daily physical activity were registered. All
included subjects were non-smokers without any known diseases,
and were not engaged in regular intense physical activity or
training (<2 weekly sessions of moderate to intense exercise).
Exercise Training Intervention
Each subject completed 8 weeks combined training consisting
of two weekly intense bicycle ergometer (spinning) sessions and
1 cross-training session (combined functional strength training
and intermittent intense aerobic training). Brieﬂy, spinning
sessions consisted of repeated, intense (>80% maximal heart
rate) 5-min intervals separated by 1–2-min active recovery
periods. Training intensity and duration was progressively
increased with three intervals during training week 1 and
2 and 5 intervals during week 3–8. Training intensity was
monitored with an online heart rate monitoring system during
each session (Polar Team2, Polar Electro Oy, Kempele, Finland).
The heart rate response was subsequently analyzed (Polar
ProTrainer 5 software) for determination of heart rate response
and distribution during training. Both groups showed similar
training compliance during the 8 week intervention, and training
intensity was equally high in both groups (Table 2). One subject
was excluded due to low training compliance (<60%).
Pre-testing
Before the ﬁrst experimental day subjects visited the lab
for determination of body composition and peak pulmonary
oxygen uptake (V˙O2peak) and for familiarization with the
passive leg movement on an one-leg knee-extensor model. Body
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composition was determined in the morning in a fasted state
with whole-body dual-energy X-ray absorptiometry scanning
(DEXA; Prodigy, GE Healthcare, Brøndby, Denmark). The
passive leg movement was performed on a knee extensor
ergometer (Andersen and Saltin, 1985).
Pulmonary V˙O2peak was determined (Oxycon Pro, Viasys
Healthcare, Höechberg, Germany) with an incremental exercise
test on a mechanically braked cycle ergometer (Monark
Ergomedic 839E, Monark, Sweden). The incremental exercise
test consisted of a 4-min submaximal bout at 50 and 100 W for
old and young, respectively. Subjects then rested for 2 min after
which the incremental test began at the work load corresponding
to the submaximal bout and increased by 25 W min−1 until
volitional exhaustion. V˙O2peak was calculated as the average of
the three highest consecutive 15 s values. Recognition of true
V˙O2peak required three of the following ﬁve criteria to be met:
Individual perception of exhaustion, respiratory exchange rate
(RER) >1.15, VO2 curve plateau, heart rate approaching age-
predicted maximum, or inability to maintain pedaling frequency
above 80 RPM. Verbal encouragement was oﬀered throughout
the test. Heart rate was measured throughout the exercise
protocol (Polar Team2, Polar Electro Oy, Kempele, Finland).
Experimental Days
Subjects arrived at the laboratory in the morning after an
overnight fast. While subjects rested in the supine position,
a catheter (DB Venﬂon Pro Safety, 18 GA, Becton Dickinson
Infusion Therapy AB, Sweden) was inserted into the antecubital
vein for blood sampling. Blood was drawn at rest and after
20 min of passive leg movement (Mortensen et al., 2012). Two
microdialysis probes (CMA63 with 30 mm membrane length
and 20 kDa cutoﬀ, M Dialysis AB, Sweden) were inserted
into the m. vastus lateralis under local anesthesia (Xylocain,
∼3 ml, 20 mg ml−1, AstraZeneca, Sweden). After insertion of
the probes, subjects rested for 120 min to allow the muscle
to attain a resting state and to recover from insertion trauma.
The microdialysis probes were perfused with Ringer acetate
buﬀer (Fresenius Kabi AB, Norway) at a rate of 5 µl min−1
and to determine the relative exchange over the membrane, a
small amount (2.7 nM) of [2–3H] labeled adenosine was added
to the perfusate to allow for calculation of probe recovery.
Microdialysate was collected during the ﬁnal 20 min of the
120 min rest, excluding the ﬁrst 2 min to account for delay in
the probe perfusate. Immediately after collection, samples were
weighed and triplicates of 5 µl of dialysate were allocated into
3 ml Ultimate Gold scintillation liquid (PerkinElmer, Waltham,
MA, United States). The [2-3H] adenosine activity of the dialysate
was measured on a liquid scintillation counter (Tri-Carb 2910
TR, PerkinElmer, Waltham, MA, United States). The remaining
dialysate was immediately frozen at –80◦C. Probe recovery (PR)
was calculated as [PR = (dpminfusate – dpmdialysate/dpminfusate)],
where dpm denotes disintegrations per minute (Scheller and
Kolb, 1991; Jansson et al., 1994). The probe recovery was used
to obtain an estimate of probe recovery and the resulting values
are accordingly presented as estimated interstitial concentrations.
Passive leg movement was conducted by the subject being
seated in a knee extensor model and the lower leg being moved
back and forth in a kicking movement by one of the investigators
at a frequency of 60 cycles per minute (Hellsten et al., 2008). The
subject was instructed to completely relax the muscles of the leg
during the session. Femoral arterial blood ﬂow was measured at
rest and during the ﬁrst 5 min of passive leg movement by use
of ultrasound Doppler (GE Vivid E9, GE Healthcare, Pittsburgh,
PA, United States) equipped with a linear probe (L9) operating
at an imaging frequency of 4/8 MHz and a Doppler frequency
of 4.2 MHz. The site of blood velocity measurements in the
common femoral artery was distal to the inguinal ligament but
above the bifurcation into the superﬁcial and profound femoral
branch to avoid turbulence from the bifurcation. All recordings
were obtained at the lowest possible insonation angle and always
below 60◦. The sample volume was maximized by choosing the
widest section of the vessel and the measurements were made
without interference of the vessel walls. A low-velocity ﬁlter
(velocities < 1.8 m s−1) rejected noise caused by turbulence at
the vascular wall. Doppler tracings and B-mode images were
recorded continuously and Doppler tracings were averaged over
45 s. Resting femoral arterial blood ﬂow was measured before
passive leg movement. During the 5 min passive leg movement,
femoral arterial blood ﬂow was measured at 15 s intervals during
the initial 3 min, and after 4 and 5 min. Peak blood ﬂows and
mean blood ﬂow for the ﬁrst 5 min are reported herin.
Before and immediately the passive leg movement bout, a
muscle biopsy was obtained from the m. vastus lateralis under
local anesthesia (Xylocain, ∼5 ml, 20 mg ml−1, AstraZeneca,
Sweden) using the percutaneous needle biopsy technique with
suction (Bergström, 1975). The biopsies were immediately frozen
in liquid nitrogen or embedded in Tissue-Tek OCT compound
(Sakura Finetek, Zoeterwoude, Netherlands) and frozen in liquid
nitrogen cooled isopentane. Frozen samples were stored at 80◦C
until further analysis.
All tests and experimental days were performed before and
after the 8-week training intervention.
Quantification of Protein Expression
Biopsies were freeze-dried and dissected free from fat, blood and
connective tissue. Approximately 5 mg dry weight of muscle
tissue were homogenized in a fresh batch buﬀer (10% glycerol,
20 mM sodium-pyrophosphate, 150 mM NaCl, 50 mM HEPES,
1% Nonidet P-40, 20 mM β-glycerophosphate and proteolytic
inhibitors) two times for 30 s (Qiagen Tissuelyser II, Retsch,
Haan, Germany). After rotation end-over-end for 1 h, the
samples were centrifuged for 30 min at 17,500× g at 4◦C and the
lysates were collected as the supernatant. Protein concentrations
were determined in the lysates using BSA standards (Pierce
Reagents, Rockford, IL, United States). The lysates were diluted
to appropriate protein concentrations in a concentrated sample
buﬀer (0.5 M Tris-base, DTT, SDS, glycerol, and bromphenol
blue), and equal amount of total protein were loaded for each
sample in diﬀerent wells on precasted Tris–HCL gels (Bio-
Rad, Hercules, CA, United States). For comparisons, samples
from the same subject were always loaded on the same gel.
After gel electrophoresis, the proteins were transferred (semidry)
to a polyvinylidene diﬂuoride membrane (Immobilon Transfer
Membrane, Millipore), which was incubated with ∼10 ml of
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primary antibody over-night and then washed three times for
5 min in Tris-buﬀered saline-Tween before incubation with
secondary antibody for 1 h. The membranes were incubated
with the following primary antibodies: VEGF-R2 (sc-19530;
Santa Cruz Biotechnology, Santa Cruz, CA, United States);
VEGF-R2Tyr1175 (2478, Cell Signaling Technology, Danvers, MA,
United States); eNOS (BD 610287, BD Biosciences, San Jose, CA,
United States; eNOSser1177 (Calbiochem 482737, MerckMilipore,
Darmstadt, Germany); PECAM-1 (AF806, R&D Systems Inc.,
Minneapolis, MN, United States); PECAM-1Tyr713 (BS4666,
Bioworld Technology, St. Louis Park, MN, United States); VE-
cadherin (ab33168, Abcam, Cambridge, United Kingdom); VE-
cadherinTyr731 (NBP1-51393, Novus Biologicals, Littleton, CO,
United States). Secondary antibodies used were goat anti-rabbit
or rabbit anti-goat HRP-conjugated antibodies (P-0448 and P-
0449; DakoCytomation, Glostrup, Denmark; 1:5000). Following
detection and quantiﬁcation (ChemiDoc MP system, Bio-Rad,
Hercules, CA, United States), the protein content was expressed
in arbitrary units. The blots were also analyzed for glyceraldehyde
3-phosphate dehydrogenase (GAPDH; ab9484; Abcam), actin
(A2066; Sigma-Aldrich, St. Louis, MO, United States) or alpha
tubulin (ab4076, Abcam) depending on molecular weight of the
protein that was studied to check for loading inconsistencies
(Figure 3E). Due to numerous biological factors inﬂuencing
GAPDH and alpha tubulin (Lowe et al., 2000; Galpin et al., 2012)
the speciﬁc proteins analyzed have not been normalized to the
housekeeping genes. The total protein amount of the samples
has been determined by Stain-Free imaging and quantiﬁcation
(Vigelsø et al., 2015) and representative Stain-Free images are
included in the Supplementary Material. In the case of loading
inconsistency, the western blood procedure were repeated.
Quantiﬁcation of the total protein amount across all samples of
the study show that there is no signiﬁcant diﬀerence in protein
amount between the young and the old group. Reported values
are unadjusted densitometry values.
Quantitative Immunofluorescence
Analysis of eNOS and eNOSser1177
Phosphorylation
The procedures for immunoﬂuorescence staining and
subsequent image analysis has been adapted from the original
method described by Cocks et al. (Cocks et al., 2012). Transverse
orientated serial 5 µm sections were cut using a microtome.
Four sections from each condition were collected on to room
temperature uncoated glass slides. Sections were ﬁxed in
acetone and ethanol (3:1) and then dual stained with antibodies
against eNOS (BD 610297, BD Biosciences, San Jose, CA,
United States) and eNOSser1177 (Cell Signaling Technology
957, Beverly, MA, United States). Sections were then incubated
with goat anti-mouse IgG1 546 (eNOS) and goat anti-rabbit
IgG 633 (eNOSser1177) secondary antibodies (A-21123 and A-
21070; ThermoFisher Scientiﬁc, San Jose, CA, United States), in
combination withUlex europaeus I lectin–FITC conjugate (UEA-
I–FITC; Sigma-Aldrich L9006, St. Louis, MO, United States) as a
marker of the endothelium. Coverslips were then applied using a
glycerol and Mowiol 4-88 solution.
Images were acquired using an inverted confocal microscope
(Zeiss LSM-710, Carl Zeiss, Germany) with a 40× oil immersion
objective. FITC ﬂuorescence was excited with a 488 nm multiline
argon laser and detected with 493–557 nm emission. Alexa Fluor
546 and 633 ﬂuorophores were excited with 543 and 633 nm lines
of the helium–neon laser and 548–623 and 638–747 nm emission,
respectively. The images were acquired at a resolution of 1,024×
1,024 pixels and stored in 24-bit tagged image format ﬁle format.
Identical settings were used for all image capture within each
participant. The mean number of views assessed was 6 ± 2. The
number of capillaries quantiﬁed was approx. 30.
Image analysis was performed using Image Pro Plus 5.1
software. Only within participant diﬀerences were assessed.
Endothelial speciﬁc ﬂuorescence was determined using the UEA-
I–FITC endothelial marker image, which was extracted and
overlaid onto the corresponding eNOS and eNOSser1177 images.
Fluorescence intensity was then quantiﬁed within the endothelial
speciﬁc area. The mean ﬂuorescence intensity of Pre-training
Pre-passive movement samples were normalized to a value of 1,
and the relative intensity of subsequent samples was calculated. In
addition, as eNOS and eNOSser1177 were dual stained it allowed
for assessment of eNOS/eNOSser1177 ratio on an individual
vessel basis to be calculated. Changes in eNOS/eNOSser1177 ratio
from the immunohistochemical analysis were used to detect
changes in phosphorylation status going from rest to passive leg
movement. The immunoﬂuorescence analysis employed allowed
for assessment of eNOS phosphorylation speciﬁcally within the
endothelium, and as such a more sensitive assessment of changes
to the passive leg movement than would be allowed using western
blotting on whole muscle homogenates (Cocks et al., 2012). We
have however, also conducted western blot analysis of eNOS and
eNOS phosphorylation. These data are in the Supplementary
Material.
Analysis of NOx in Plasma and
Microdialysate
The stable metabolites of NO, nitrite and nitrate (NOx) in plasma
and microdialysate, were measured using a ﬂuorometric EIA
kit (Cayman Chemical Co., Ann Harbor, MI, United States).
Interstitial concentrations were estimated based on the relative
recovery of [2-3H] adenosine in the microdialysis probe. Based
on previous ﬁndings it was assumed that the relative recovery of
[2-3H] adenosine is similar to the recovery of other compounds
(Höﬀner et al., 2003).
Statistical Analysis
Subject number is based on power calculations of selected
primary outcome measures. These include average diﬀerences
and variability in femoral arterial blood ﬂow in response
to passive leg movement and protein expression and
phosphorylation of mechanosensors and eNOS in muscle
homogenates from m. vastus lateralis (Altman, 1980).
Signiﬁcance level for all tests was set at an a-level of P < 0.05 at a
power level of 0.8. Data are means± SD.
A linear mixed-model approach (R-studio, Version 0.99.903,
R Foundation for Statistical Computing, Vienna, Austria) was
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used to investigate diﬀerences within and between groups.
Fixed factors were “group” (young or old), “intervention”
(before or after training) and “time” (rest or passive leg
movement). Subjects were speciﬁed as a repeated factor and
identiﬁer of random variation. The homogeneity of variance and
normal distribution was conﬁrmed through residual and Q–Q
plots. Pairwise diﬀerences were identiﬁed using the unadjusted
diﬀerence post hoc procedure.
RESULTS
Subjects Characteristics and Training
Intervention
Before the training period, V˙O2peak and V˙O2peak kg
−1, were
higher (P < 0.05) in the young compared to the old group
(Table 1). Exercise training increased (P < 0.05) both variables
in the young and the old group. Both groups showed similar
compliance with the training intervention (Table 2). These data
have previously been published (Piil et al., 2018).
Blood Flow Response to Passive Leg
Movement
Peak and mean femoral arterial blood ﬂow in response to passive
movement was 25% lower (P = 0.005, Figures 1A,C) in the old
than the young group before training and was increased with
training by 20% (P = 0.006) in the young group but not in the old.
The peak change in blood ﬂow from rest to passive movement
was also lower (P< 0.001, Figure 1B) in the old than in the young
group before training and was increased after the training period
in the young group only (P = 0.039). Blood ﬂow traces from both
groups before and after training are presented in Figures 1D,E.
While blood ﬂow are reported as absolute values, normalizing
blood ﬂow to leg mass does not signiﬁcantly change the outcome.
Comparison of Basal Expression and
Phosphorylation of eNOS and
Mechanosensor Protein
eNOS
Before training, total eNOS protein amount and total eNOSser1177
phosphorylation were similar in the two groups (Figure 2B)
whereas the relative eNOSser1177 phosphorylation was lower in
TABLE 2 | Training data.
Young Old
Number of training sessions during the intervention 19 ± 3.6 20 ± 0.8
% of training time below 70% of HRmax 31.7 ± 3.4 26.6 ± 6.8#
% of training time at 70–79% of HRmax 25.1 ± 5.4 25.0 ± 7.2
% of training time at 80–89% of HRmax 31.5 ± 3.9 36.2 ± 7.5
% of training time at 90–100% of HRmax 11.6 ± 5.3 12.2 ± 5.4
Data are presented as mean ± SD. HR, heart rate. #Significantly different from the
young group (P < 0.05).
the old than the young group (Figures 2A,C). After training,
eNOS protein expression and total eNOSser1177 phosphorylation
were higher in the old and the young group (by 9 and 10%,
and 4 and 15%, respectively; P < 0.05, Figure 2A). The
relative eNOSser1177 phosphorylation was not altered by training
(Figure 2C).
VE-Cadherin and VEGF-R2
Before training, protein expression and relative phosphorylation
levels of VE-Cadherintyr731 and VEGF-R2ser1175 were not
diﬀerent between the young and old group and were not changed
after the training period in either group (data not shown).
PECAM-1
Before training, PECAM-1 protein levels were 23% higher in the
old compared to the young group (P = 0.008, Figure 2D). After
the training period, PECAM-1 protein expression was higher
(by 43 and 85% respectively; P < 0.001) in both the young and
old group and the level was 58% higher in the old compared
to the young group (P = 0.013). Absolute PECAM-1tyr713
phosphorylation was not diﬀerent between the young and old
before or after training (Figure 2E) The relative phosphorylation
of PECAM-1tyr713 was lower in the old compared to the young
group before and after training (by 35 and 42% respectively,
P < 0.001, Figure 2F) and was reduced by 29% in the old group
after training (P = 0.04).
Phosphorylation of eNOS and
Mechanosensor Proteins With Passive
Leg Movement
Before training, passive leg movement increased the relative
phosphorylation of eNOSser1177 in the old by 16%, (P = 0.017,
TABLE 1 | Subject characteristics before and after 8 weeks aerobic high-intensity exercise training.
Young (n = 14) Old (n = 13)
Variable Before After 1% Before After 1%
Age (years) 25 ± 3 72 ± 5
Weight (kg) 80.7 ± 13.9 80.0 ± 14.2 0.9 ± 3.4 79.8 ± 9.2 78.5 ± 10.7∗ 1.8 ± 2.3
Body fat (%) 25.1 ± 7.4 23.3 ± 7.3∗ 6.9 ± 10.7 27.6 ± 5.1 26.3 ± 4.0∗ 4.0 ± 5.6
V˙O2peak (ml min
−1) 3559 ± 497 3805 ± 460∗ 7.4 ± 8.2 2414 ± 293# 2527 ± 404#∗ 4.4 ± 7.3
V˙O2peak kg
−1 (ml min−1 kg−1) 44.8 ± 7.2 48.3 ± 6.9∗ 8.4 ± 6.9 30.4 ± 3.0# 32.4 ± 4.1#∗ 6.3 ± 7.1
Data are presented as mean ± SD. V˙O2peak, maximal oxygen uptake; HR, heart rate. #Significantly different from the young group (P < 0.05);
∗Significantly different from
before training (P < 0.05).
Frontiers in Physiology | www.frontiersin.org 5 December 2018 | Volume 9 | Article 1807
Gliemann et al. Endothelial Mechanotransduction in Aging
FIGURE 1 | Femoral arterial blood flow during passive leg movement. (A) Peak femoral arterial blood flow in response to passive leg movement, (B) changes from
rest to passive leg movement in femoral arterial blood flow, (C) average femoral arterial blood flow during passive leg movement and (D,E) time curse of femoral
arterial blood flow in young and old subjects before and after the training intervention. #denotes difference from young group, ∗denotes difference from before
training within group. Data are mean ± SD.
FIGURE 2 | Protein expression and relative phosphorylation of eNOS and mechanosensor proteins in young and old men before and after training. Total protein
expression, phosphorylation at serine1177 and relative phosphorylation of endothelial nitric oxide synthase (eNOS; panel A–C), and platelet endothelial adhesion
molecule 1 (PECAM-1, panel D–F) in whole muscle homogenates from young and old subjects at rest before and after the training intervention. #denotes difference
from young group, ∗denotes difference from before training within group. Data are mean ± SD.
Figure 3A) but not in the young group. After training, passive
leg movement led to a reduction of relative phosphorylation
of eNOSser1177 in the old group by 9% (P = 0.010) whereas it
remained similar in the young group.
Before training, the relative phosphorylation of
PECAM-1tyr713, VE-Cadherintyr731 and VEGF-R2ser1175 was not
changed by passive leg movement in either the young or the old
group (Figures 3B–D). After training, passive leg movement
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FIGURE 3 | (A–D) Changes in relative phosphorylation of eNOS and mechanosensor proteins from rest to passive leg movement conducted before and after the
training period. Relative changes in (A) endothelial nitric oxide synthase serine1177 phosphorylation (eNOS p117), (B) vascular endothelial growth factor receptor 2
serine1177 (VEGF-R2ser1177), (C) vascular endothelial cadherin tyrosine731 (VE CADtyr731), and (D) platelet endothelial adhesion molecule 1 tyrosine713
(PECAM-1tyr713) from young and old subjects before and after the training intervention. $ denotes a significant change from rest to passive leg movement, ∗denotes
difference from before training within group. Data are mean ± SD. (E) Representative western blots of mechanosensor proteins. Western blots from one young and
one old subject, before and after training of VEGF-R2ser1177, VE CADtyr731 and PECAM-1tyr713. Samples are run in dublicats and presented together with loading
control glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Note that changes in eNOS phosphorylation are obtained from immunohistochemical staining of
individual microvessels within cross sections of muscle biopsies while the mechanosensor proteins reflect changes in whole muscle homogenates. Please see the
Materials and Methods section and Figure 5 for representative images.
increased phosphorylation of PECAM-1tyr713 in both the young
and the old group by 37 and 73% (P = 0.011, Figure 3D).
Representative blots of the mechanosensors are presented in
Figure 4 and quantitative immunoﬂuorescence in Figure 5.
Plasma and Interstitial NOx
Plasma NOx was not diﬀerent between the young and the old
group before training and was signiﬁcantly increased only in the
old group after training (P = 0.03, Figure 5A). Resting interstitial
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FIGURE 4 | Representative images of immunofluorescence staining. Representative confocal microscopy images of skeletal muscle from one young and one old
subject, before and after passive leg movement (Pre/Post PM) and before and after training (Pre/Post T). The skeletal muscle microvascular endothelium was
revealed using Ulex europaeus-FITC conjugated lectin (UEA-I Lectin, green). Skeletal muscle eNOSser1177 phosphorylation was revealed using Alexa Fluor 546
conjugated secondary antibody (peNOS Color, red). Scale bar represent 25 µm. Arrow indicates where positive staining for both endothelial specific Ulex and
eNOSser1177 phosphorylation is identified for quantification.
NOx was not diﬀerent between the young and the old group
before or after training but was lower after training in the old
group (P = 0.05, Figure 5B).
DISCUSSION
This study is the ﬁrst to examine the eﬀect of aging and exercise
training on expression and shear stress induced activation of
endothelial mechanosensors. The principal ﬁndings are: (I)
before training, compared to the young group, the older group
presented a lower hyperaemic response to increased shear stress
induced by passive leg movement, which was accompanied by
a lower basal relative phosphorylation status of the endothelial
mechanosensor PECAM-1; (II) eight weeks of exercise training
resulted in a higher PECAM-1 protein level and an enhanced
passive leg movement induced phosphorylation of PECAM-1 in
both the young and the older subjects; (III) exercise training
resulted in a higher expression of eNOS and a greater total eNOS
phosphorylation in both young and aged individuals; (IV) after
training, the hyperemic response to passive leg movement was
higher in the young subjects. Combined, the results provide novel
evidence for that the mechanosensor protein PECAM-1 is plastic
in that both the protein amount and the phosphorylation status
appear to be sensitive to aging and the level of physical activity.
Although the changes in PECAM-1 observed with training were
not paralleled by an improved hyperemic response during passive
limb movement, there was a greater increase in phosphorylation
of PECAM-1 for the same level of hyperemia in the old group,
suggesting improved shear stress responsiveness.
Vascular Function and the
Mechanosensor Complex in Older
Subjects
There is convincing evidence for that reduced availability of NO
plays a central role in the age induced impairment in vascular
function (Taddei et al., 2001) including the hyperaemic response
to passive leg movement (Mortensen et al., 2012; Trinity et al.,
2015). Nevertheless, the actual eNOS protein amount in skeletal
muscle tissue has consistently been shown to be similar in old
and young subjects (Donato et al., 2009; Nyberg et al., 2012a).
This notion was also conﬁrmed in the current study where both
eNOS protein levels and the relative phosphorylation at rest
were similar between the young and old group. Thus, either
impaired eNOS activation upon stimulus, or removal of NO by
reactive oxygen species, would be more plausible explanations
for a reduced NO availability in older subjects. In this study
we evaluated for the ﬁrst time whether shear stress induced
activation of the mechanosensor complex and eNOS is lower in
old than in young individuals.
As functional model we utilized the hyperaemic response
to passive leg movement, in which the ﬂow response is shear
stress induced and fully NO dependent (Mortensen et al., 2012).
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FIGURE 5 | Plasma and skeletal muscle interstitial nitrite and nitrate levels.
Plasma (A) and muscle interstitial (B) levels of the stable metabolites of nitric
oxide, nitrite and nitrate (NOx) at rest in young and old subjects before and
after the training intervention. ∗denotes different from before training within
group. Data are mean ± SD.
In accordance with previous observations, there was a lower
blood ﬂow response to passive movement in the old compared
to the young subjects (Mortensen et al., 2012; Trinity et al.,
2015). However, in contrast to our hypothesis, the activation
of the mechanosensor complex with passive leg movement, as
determined by a change in phosphorylation of the involved
proteins, was not lower in the old compared to the young subjects.
Moreover, there was no direct coupling between increased shear
stress and eNOS activation, as eNOSser1177 phosphorylation was
increased in the old but not the young subjects with passive
leg movement. Although our data support that eNOS can be
phosphorylated by shear stress in older subjects, overall these
ﬁndings only partially support in vitro studies showing activation
of the mechanosensor complex and eNOS in response to shear
stress (Fleming et al., 2005; Tzima et al., 2005; dela Paz et al.,
2013). The reason for this discrepancy between in vitro and the
present human ﬁndings remains unclear but could potentially be
due to the many diﬀerences between in vivo and in vitro models
such as the magnitude of shear stress. Nevertheless, an interesting
novel observation in the present study was that the PECAM-1
protein expression was higher and the relative phosphorylation
of PECAM-1 correspondingly lower in the old compared to the
young subjects. These observations could indicate that vascular
dysfunction is associated with an impairment in the basal
state of PECAM-1 activation and it may be speculated that a
compensatory upregulation of PECAM-1 occurs, similarly to that
which appears to occur for eNOS (Donato et al., 2009; Nyberg
et al., 2012a).
The basal protein expressions and degree of phosphorylation
of VEGF-R2 and VE-Cadherin were similar in young and
old subjects. The reason for the change in phosphorylation of
PECAM-1 but no change in these other two proteins of the
mechanosensor complex is unclear but suggests that PECAM-
1 may be more sensitive to shear stress in vivo than the other
proteins and potentially more important for endothelial function.
It should be noted that the dynamics of phosphorylation of
the mechanosensors in response to ﬂuid shear stress in vivo
is unknown and it is possible that, in our study, the assessed
protein phosphorylation with elevated blood ﬂow was returned
to baseline by the time of the biopsy. However, blood ﬂow during
shear stress has been shown to be elevated for 90 min during
passive leg movement (Høier et al., 2013) and studies on cultured
endothelial cells exposed to ﬂuid shear stress for periods of time
from minutes to hours show that the phosphorylation status
of various mechanosensors is maintained (Tzima et al., 2005;
Russell-Puleri et al., 2017).
Effects of Exercise Training on Vascular
Function and the Mechanosensor
Complex
Exercise training is generally thought to improve vascular
function and cross-sectional data suggest that older active and
well-trained subjects express well preserved vascular function
compared to younger subjects (Nyberg et al., 2012a; Groot
et al., 2016). Moreover, vascular sensitivity to shear stress,
as determined by the hyperaemic response to passive leg
movement, is proportional to the ﬁtness level in middle-aged
men (Lundberg Slingsby et al., 2018). In the present study,
exercise training increased the hyperaemic response to passive
leg movement in the young but not in the old subjects. This
is the ﬁrst study to evaluate the eﬀect of exercise training
on the ﬂow response to passive leg movement in young
individuals. Considering that the vasodilatory response to passive
movement is highly NO dependent, (Mortensen et al., 2012)
a potential explanation for the higher ﬂow response in the
young subjects after the training period could be a greater
NO availability. Accordingly, the basal eNOS protein expression
and the total eNOSser1177 phosphorylation were increased in
the young group after training. Thus, despite the fact that
the change in eNOS phosphorylation with passive movement
was similar before and after training, there was an enhanced
potential of NO formation through the greater total amount of
phosphorylated eNOS. This ﬁnding provides one explanation
for the greater hyperemia after training in the young, however,
although the aged group also showed increased eNOS expression
and total eNOSser1177 phosphorylation, they did not show
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a parallel improvement in shear stress induced hyperemia.
A potential explanation for this observation could be that NO
bioavailability is more dependent on removal of NO by reactive
oxygen species in aged than in young (Nyberg et al., 2014)
and that eNOS activity also is dependent on a number of
other factors like other phosphorylations sites, co-factors and
coupling status of the homodimeric enzyme (Fleming and Busse,
1999).
It should be noted that basal levels of the stable metabolites
of NO, nitrite and nitrate (NOx) were assessed in plasma and
interstitial ﬂuid before and after the training period but there was
no direct relationship to eNOS level and eNOS phosphorylation.
This lack of relationship may be due to that NOx is a rather rough
estimate of NO bioavailability and the levels are aﬀected by diet
which was not controlled for in the current study.
Out of the three proteins in the mechanosensor complex, the
PECAM-1 protein content was enhanced in both the young and
the old group after the training period. This increased PECAM-1
protein expression was paralleled by an increase in the passive leg
movement induced relative PECAM-1tyr713 phosphorylation in
both groups. PECAM-1 has several other additional physiological
roles of this protein in the vasculature (Privratsky and Newman,
2014). PECAM-1 is known to be of relevance in physiological
processes such as platelet function (Newman and Newman,
2003) angiogenesis and vascular repair processes (DeLisser et al.,
1997; Biswas et al., 2003). Moreover, PECAM-1 in combination
with VE-CAD and VEGFR2 regulate vascular integrity and
permeability allowing for leukocyte extravasation (Hashimoto
et al., 2011; Chistiakov et al., 2016). The present data suggest
that physical activity is associated with improved expression
of this molecule. Moreover, although microcirculatory shear
stress cannot be assessed in humans in vivo, the fact that the
hyperemic response to passive leg movement was similar in
the old group after training compared to before, whereas the
change in PECAM-1 phosphorylation was increased, suggest
a similar degree of shear stress and thus an enhanced shear
stress induced activation. Although we could not detect an
association with eNOS phosphorylation, the evident sensitivity
of PECAM-1 both to aging and training provides evidence in
humans for that this protein may be an important molecule
in the development of vascular disease as proposed based on
numerous in vitro studies (Privratsky and Newman, 2014). The
need for further studies on the role of PECAM-1 and other
mechanosensors in humans is however, warranted. With regard
to the two fold increase in PECAM-1 protein expression in
the old group it is worth noticing the large standard deviation
within the group. This observation of large individual variation
in PECAM-1 protein amount was consistent in the two diﬀerent
biopsies take from each subject at the same timepoint. Moreover,
13 out of 13 old subjects and 11 out of 14 young subjects
showed an increase in PECAM-1 protein expression and thus
the eﬀect of exercise training on this molecule appears very
consistent.
Study Limitation
Passive leg movement was used to induce shear stress without
muscle metabolic signaling. However, passive leg movement only
induced activation of PECAM-1 and not VE-CAD, or VEGF-
R2 and it is possible that a stronger shear stress stimulus or
added metabolic signaling by active exercise, would activate the
mechanosensor complex to a greater extent. It is also plausible
that other mechanosensors, e.g., luminal G protein receptors
and integrins also plays a functional role in determining the
hyperemic response to passive leg movement. The older subjects
recruited to the current study were healthy as the purpose was
to evaluate the eﬀect of age per se. Accordingly, they had good
cardiovascular health and it is plausible that greater diﬀerences in
the mechanosensor complex and in the hyperaemic response to
passive movement would be observed in older individuals with
poorer health status.
It could be speculated that the level of capillarization explains
the diﬀerences and changes in PECAM-1. Shear stress is
dependent on blood ﬂow, blood vessel diameter and viscosity of
the blood. In using an in vivo model in humans the drawback
is that the potential diﬀerences in the size and number of
the arterioles in the microcirculation, as well as the perfusion
pattern, in the muscle is unknown and thereby its potential
inﬂuence on the actual shear stress. However, aging has been
associated with a lower capillarization (Ryan et al., 2006)
and, it is likely that the number of arterioles also may have
been lower. This could potentially mean that the aged would
have a stronger shear stress signal for a given level of ﬂow.
However, as all measured mechanosensors are endothelial cell
speciﬁc and only PECAM-1 diﬀered, this explanations seems
unlikely.
CONCLUSION
Our results demonstrate that the impaired shear stress induced
hyperemia in aged is not immediately explained by a lower
eNOS activation but there appears to be an association with the
phosphorylation status of the important mechanosensor protein
PECAM-1. Moreover, that the ﬁnding that exercise training
leads to enhanced PECAM-1 phosphorylation in response to
acute passive leg movement, despite a similar increase in blood
ﬂow, agrees with our hypothesis that the responsiveness of
mechanosensory proteins can be improved by training. Overall,
our study provides the ﬁrst in vivo evidence in humans for
plasticity of PECAM-1 and improvements in mechanosensing;
factors which are likely to contribute to the known beneﬁcial
eﬀects of physical activity on vascular function. The lack of
association between the hyperemic response to passive leg
movement and eNOS activation nevertheless warrants further
investigation.
AUTHOR CONTRIBUTIONS
LG and YH conceived and designed the study. LG, NR, MC,
and YH analyzed and interpreted the data. All authors collected
the data, drafted the article or revised it critically for important
intellectual content, approved the ﬁnal version, and agreed to be
accountable for all aspects of the work in ensuring that questions
Frontiers in Physiology | www.frontiersin.org 10 December 2018 | Volume 9 | Article 1807
Gliemann et al. Endothelial Mechanotransduction in Aging
related to the accuracy or integrity of any part of the work are
appropriately investigated and resolved.
FUNDING
The study was supported by the Danish Council for Independent
Research – Medical Sciences (#4004-00363) and the Danish
Toyota Foundation (#KJ/BG 8876F). LG was supported
by a postdoctoral fellowship from the Danish Council for
Independent Research – Medical Sciences (#6110-00632). The
support from these foundations is gratefully acknowledged.
ACKNOWLEDGMENTS
The authors would like to thank Mads Lindskrog,
Gemma Kroos, and Karina Olsen for skilled technical
assistance.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2018.01807/full#supplementary-material
REFERENCES
Altman, D. G. (1980). Statistics and ethics in medical research: III How large a
sample? Br. Med. J. 281, 1336–1338. doi: 10.1136/bmj.281.6251.1336
Andersen, P., and Saltin, B. (1985). Maximal perfusion of skeletal-muscle in man.
J. Physiol. 366, 233–249. doi: 10.1113/jphysiol.1985.sp015794
Bergström, J. (1975). Percutaneous needle biopsy of skeletal muscle in physiological
and clinical research. Scand. J. Clin. Lab. Invest. 35, 609–616. doi: 10.1080/
00365517509095787
Biswas, P., Canosa, S., Schoenfeld, J., Schoenfeld, D., Tucker, A., and Madri,
J. A. (2003). PECAM-1 promotes beta-catenin accumulation and stimulates
endothelial cell proliferation. Biochem. Biophys. Res. Commun. 303, 212–218.
doi: 10.1016/S0006-291X(03)00313-319
Chistiakov, D. A., Orekhov, A. N., and Bobryshev, Y. V. (2016). Endothelial
PECAM-1 and its function in vascular physiology and atherogenic pathology.
Exp. Mol. Pathol. 100, 409–415. doi: 10.1016/j.yexmp.2016.03.012
Cocks, M., Shepherd, S. O., Shaw, C. S., Achten, J., Costa, M. L., and
Wagenmagers, A. J. M. (2012). Immunoﬂuorescence microscopy to assess
enzymes controlling nitric oxide availability and microvascular blood ﬂow in
muscle.Microcirculation 19, 642–651. doi: 10.1111/j.1549-8719.2012.00199.x
Deanﬁeld, J. E., Halcox, J. P., and Rabelink, T. J. (2007). Endothelial function
and dysfunction: testing and clinical relevance. Circulation 115, 1285–1295.
doi: 10.1161/CIRCULATIONAHA.106.652859
dela Paz, N. G., Melchior, B., and Frangos, J. A. (2013). Early VEGFR2 activation in
response to ﬂow is VEGF-dependent and mediated by MMP activity. Biochem.
Biophys. Res. Commun. 434, 641–646. doi: 10.1016/j.bbrc.2013.03.134
DeLisser, H. M., Christoﬁdou-Solomidou, M., Strieter, R. M., Burdick, M. D.,
Robinson, C. S.,Wexler, R. S., et al. (1997). Involvement of endothelial PECAM-
1/CD31 in angiogenesis. Am. J. Pathol. 151, 671–677.
DeSouza, C. A., Shapiro, L. F., Clevenger, C. M., Dinenno, F. A., Monahan,
K. D., Tanaka, H., et al. (2000). Regular aerobic exercise prevents and restores
age-related declines in endothelium-dependent vasodilation in healthy men.
Circulation 102, 1351–1357. doi: 10.1161/01.CIR.102.12.1351
Donato, A. J., Gano, L. B., Eskurza, I., Silver, A. E., Gates, P. E., Jablonski, K.,
et al. (2009). Vascular endothelial dysfunction with aging: endothelin-1 and
endothelial nitric oxide synthase. Am. J. Physiol. Heart Circ. Physiol. 297,
H425–H432. doi: 10.1152/ajpheart.00689.2008
Fleming, I., and Busse, R. (1999). Signal transduction of eNOS activation.
Cardiovasc. Res. 43, 532–541. doi: 10.1016/S0008-6363(99)00094-2
Fleming, I., and Busse, R. (2003). Molecular mechanisms involved in the regulation
of the endothelial nitric oxide synthase. Am. J. Physiol. Regul. Integr. Comp.
Physiol. 284, R1–R12. doi: 10.1152/ajpregu.00323.2002
Fleming, I., Fisslthaler, B., Dixit, M., and Busse, R. (2005). Role of PECAM-1 in the
shear-stress-induced activation of Akt and the endothelial nitric oxide synthase
(eNOS) in endothelial cells. J. Cell. Sci. 118, 4103–4111. doi: 10.1242/jcs.02541
Galpin, A. J., Raue, U., Jemiolo, B., Trappe, T. A., Harber, M. P., Minchev, K.,
et al. (2012). Human skeletal muscle ﬁber type speciﬁc protein content. Anal.
Biochem. 425, 175–182. doi: 10.1016/j.ab.2012.03.018
Gliemann, L., Rytter, N., Lindskrog,M., Slingsby,M.H. L., Akerstrom, T., Sylow, L.,
et al. (2017). Endothelial mechanotransduction proteins and vascular function
are altered by dietary sucrose supplementation in healthy young male subjects.
J. Physiol. 595, 5557–5571. doi: 10.1113/JP274623
Green, D. J., Jones, H., Thijssen, D., Cable, N. T., and Atkinson, G. (2011).
Flow-mediated dilation and cardiovascular event prediction: does nitric oxide
matter? Hypertension 57, 363–369. doi: 10.1161/HYPERTENSIONAHA.110.16
7015
Groot, H. J., Rossman, M. J., Garten, R. S., Wang, E., Hoﬀ, J., Helgerud, J.,
et al. (2016). The eﬀect of physical activity on passive leg movement–induced
vasodilation with age.Med. Sci. Sports Exerc. 48, 1548–1557. doi: 10.1249/MSS.
0000000000000936
Gryglewski, R. J., Palmer, R. M., and Moncada, S. (1986). Superoxide anion is
involved in the breakdown of endothelium-derived vascular relaxing factor.
Nature 320, 454–456. doi: 10.1038/320454a0
Guzik, T. J., West, N. E. J., Pillai, R., Taggart, D. P., and Channon, K. M.
(2002). Nitric oxide modulates superoxide release and peroxynitrite formation
in human blood vessels. Hypertension 39, 1088–1094. doi: 10.1161/01.HYP.
0000018041.48432.B5
Hashimoto, K., Kataoka, N., Nakamura, E., Hagihara, K., Hatano, M., Okamoto, T.,
et al. (2011). Monocyte trans-endothelial migration augments subsequent
transmigratory activity with increased PECAM-1 and decreased VE-cadherin
at endothelial junctions. Int. J. Cardiol. 149, 232–239. doi: 10.1016/j.ijcard.2010.
12.018
Hellsten, Y., Rufener, N., Nielsen, J. J., Høier, B., Krustrup, P., and Bangsbo, J.
(2008). Passive leg movement enhances interstitial VEGF protein, endothelial
cell proliferation, and eNOS mRNA content in human skeletal muscle. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 294, R975–R982. doi: 10.1152/ajpregu.
00677.2007
Höﬀner, L., Nielsen, J. J., Langberg, H., and Hellsten, Y. (2003). Exercise but not
prostanoids enhance levels of vascular endothelial growth factor and other
proliferative agents in human skeletal muscle interstitium. J. Physiol. 550,
217–225. doi: 10.1113/jphysiol.2002.037051
Høier, B., Walker, M., Passos, M., Walker, P. J., Green, A., Bangsbo, J., et al. (2013).
Angiogenic response to passive movement and active exercise in individuals
with peripheral arterial disease. J. Appl. Physiol. 115, 1777–1787. doi: 10.1152/
japplphysiol.00979.2013
Jansson, P. A., Veneman, T., Nurjhan, N., and Gerich, J. (1994). An
improved method to calculate adipose tissue interstitial substrate recovery
for microdialysis studies. Life Sci. 54, 1621–1624. doi: 10.1016/0024-3205(94)
90034-5
Jin, Z.-G., Ueba, H., Tanimoto, T., Lungu, A. O., Frame, M. D., and Berk,
B. C. (2003). Ligand-independent activation of vascular endothelial growth
factor receptor 2 by ﬂuid shear stress regulates activation of endothelial nitric
oxide synthase. Circ. Res. 93, 354–363. doi: 10.1161/01.RES.0000089257.940
02.96
Lowe, D. A., Degens, H., Chen, K., and Alway, S. E. (2000). Glyceraldehyde-
3-phosphate dehydrogenase varies with age in glycolytic muscles of rats.
J. Gerontol. A Biol. Sci. Med. Sci. 55, B160–B164. doi: 10.1093/gerona/55.3.
B160
Lundberg Slingsby, M. H., Gliemann, L., Thrane, M., Rytter, N., Egelund, J., Chan,
M. V., et al. (2018). Platelet responses to pharmacological and physiological
interventions in middle-aged men with diﬀerent habitual physical activity
levels. Acta Physiol. 223:e13028. doi: 10.1111/apha.13028
Mortensen, S. P., Askew, C. D., Walker, M., Nyberg, M., and Hellsten, Y. (2012).
The hyperaemic response to passive leg movement is dependent on nitric
Frontiers in Physiology | www.frontiersin.org 11 December 2018 | Volume 9 | Article 1807
Gliemann et al. Endothelial Mechanotransduction in Aging
oxide: a new tool to evaluate endothelial nitric oxide function. J. Physiol. 590,
4391–4400. doi: 10.1113/jphysiol.2012.235952
Newman, P. J., and Newman, D. K. (2003). Signal transduction pathways mediated
by PECAM-1 – New roles for an old molecule in platelet and vascular cell
biology. Arterioscler. Thromb. Vasc. Biol. 23, 953–964. doi: 10.1161/01.ATV.
0000071347.69358.D9
Nyberg, M., Blackwell, J. R., Damsgaard, R., Jones, A. M., Hellsten, Y., and
Mortensen, S. P. (2012a). Lifelong physical activity prevents an age-related
reduction in arterial and skeletal muscle nitric oxide bioavailability in humans.
J. Physiol. 590, 5361–5370. doi: 10.1113/jphysiol.2012.239053
Nyberg, M., Gliemann, L., Thaning, P., Hellsten, Y., and Mortensen, S. P. (2012b).
Role of nitric oxide and prostanoids in the regulation of leg blood ﬂow and
blood pressure in humans with essential hypertension: eﬀect of high-intensity
aerobic training. J. Physiol. 590, 1481–1494. doi: 10.1113/jphysiol.2011.22
5136
Nyberg, M., Mortensen, S. P., Cabo, H., Gomez-Cabrera, M.-C., Viña, J.,
and Hellsten, Y. (2014). Roles of sedentary aging and lifelong physical
activity in exchange of glutathione across exercising human skeletal muscle.
Free Radic. Biol. Med. 73, 166–173. doi: 10.1016/j.freeradbiomed.2014.
05.008
Osawa, M., Masuda, M., Kusano, K.-I., and Fujiwara, K. (2002). Evidence for
a role of platelet endothelial cell adhesion molecule-1 in endothelial cell
mechanosignal transduction: is it a mechanoresponsive molecule? J. Cell Biol.
158, 773–785. doi: 10.1083/jcb.200205049
Piil, P., Smith Jørgensen, T., Egelund, J., Damsgaard, R., Gliemann, L., Hellsten, Y.,
et al. (2018). Exercise training improves blood ﬂow to contracting skeletal
muscle of older men via enhanced cGMP signaling. J. Appl. Physiol. 124,
109–117. doi: 10.1152/japplphysiol.00634.2017
Privratsky, J. R., and Newman, P. J. (2014). PECAM-1: regulator of endothelial
junctional integrity. Cell Tissue Res. 355, 607–619. doi: 10.1007/s00441-013-
1779-3
Russell-Puleri, S., Paz dela, N. G., Adams, D., Chattopadhyay, M., Cancel, L.,
Ebong, E., et al. (2017). Fluid shear stress induces upregulation of COX-2 and
PGI2 release in endothelial cells via a pathway involving PECAM-1, PI3K, FAK,
and p38. Am. J. Physiol. Heart Circ. Physiol. 312, H485–H500. doi: 10.1152/
ajpheart.00035.2016
Ryan, N. A., Zwetsloot, K. A.,Westerkamp, L. M., Hickner, R. C., Pofahl,W. E., and
Gavin, T. P. (2006). Lower skeletal muscle capillarization and VEGF expression
in aged vs. young men. J. Appl. Physiol. 100, 178–185. doi: 10.1152/japplphysiol.
00827.2005
Scheller, D., and Kolb, J. (1991). The internal reference technique in microdialysis:
a practical approach to monitoring dialysis eﬃciency and to calculating tissue
concentration from dialysate samples. J. Neurosci. Methods 40, 31–38. doi:
10.1016/0165-0270(91)90114-F
Seals, D. R., Jablonski, K. L., and Donato, A. J. (2011). Aging and vascular
endothelial function in humans. Clin. Sci. 120, 357–375. doi: 10.1042/
CS20100476
Shay-Salit, A., Shushy, M., Wolfovitz, E., Yahav, H., Breviario, F., Dejana, E., et al.
(2002). VEGF receptor 2 and the adherens junction as a mechanical transducer
in vascular endothelial cells. Proc. Natl. Acad. Sci. U.S.A. 99, 9462–9467. doi:
10.1073/pnas.142224299
Taddei, S., Galetta, F., Virdis, A., Ghiadoni, L., Salvetti, G., Franzoni, F., et al. (2000).
Physical activity prevents age-related impairment in nitric oxide availability in
elderly athletes. Circulation 101, 2896–2901. doi: 10.1161/01.CIR.101.25.2896
Taddei, S., Virdis, A., Ghiadoni, L., Salvetti, G., Bernini, G., Magagna, A., et al.
(2001). Age-related reduction of NO availability and oxidative stress in humans.
Hypertension 38, 274–279. doi: 10.1161/01.HYP.38.2.274
Taddei, S., Virdis, A., Ghiadoni, L., Versari, D., and Salvetti, A. (2006).
Endothelium, aging, and hypertension. Curr. Hypertens. Rep. 8, 84–89. doi:
10.1007/s11906-006-0045-4
Trinity, J. D., Groot, H. J., Layec, G., Rossman, M. J., Ives, S. J., Morgan, D. E.,
et al. (2015). Passive legmovement and nitric oxide-mediated vascular function:
the impact of age. Am. J. Physiol. Heart Circ. Physiol. 308, H672–H679. doi:
10.1152/ajpheart.00806.2014
Tzima, E., Irani-Tehrani, M., Kiosses, W. B., Dejana, E., Schultz, D. A.,
Engelhardt, B., et al. (2005). A mechanosensory complex that mediates the
endothelial cell response to ﬂuid shear stress.Nature 437, 426–431. doi: 10.1038/
nature03952
Vigelsø, A., Dybboe, R., Hansen, C. N., Dela, F., Helge, J. W., and Guadalupe-
Grau, A. (2015). GAPDH and β-actin protein decreases with aging, making
Stain-Free technology a superior loading control in Western blotting of human
skeletal muscle. J. Appl. Physiol. 118, 386–394. doi: 10.1152/japplphysiol.00840.
2014
Widlansky, M. E., Gokce, N., Keaney, J. F., and Vita, J. A. (2003). The clinical
implications of endothelial dysfunction. J. Am. Coll. Cardiol. 42, 1149–1160.
doi: 10.1016/S0735-1097(03)00994-X
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or ﬁnancial relationships that could
be construed as a potential conﬂict of interest.
Copyright © 2018 Gliemann, Rytter, Piil, Nilton, Lind, Nyberg, Cocks and Hellsten.
This is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums
is permitted, provided the original author(s) and the copyright owner(s) are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Physiology | www.frontiersin.org 12 December 2018 | Volume 9 | Article 1807
